Prokaryotic genes are frequently organized in multicistronic operons (or transcriptional units, TUs), and usually the regulatory motifs for the whole TU are located upstream of the ®rst TU gene. Although the number of sequenced genomes has increased dramatically, experimental information on TU organization is extremely limited. Even for organisms as extensively studied as Escherichia coli and Bacillus subtilis, TU annotation is far from complete. It therefore becomes imperative to rely on computational approaches to complement experimental information. Here we present a TU map for the obligate anaerobe Clostridium acetobutylicum ATCC 824. This map is largely based on the distance between pairs of consecutive genes but enhanced and re®ned by predictions of several types of promoters (s A , s E and s F/G ) and rho-independent terminator structures. Based on the set of known C.acetobutylicum TUs, the presented TU map offers an 88% prediction accuracy.
INTRODUCTION
Genomic annotation for the ever-growing number of genomes is mostly limited to the level of single genes. Although this is an essential part of the annotation process, there is a need for more complete annotation, which, in prokaryotes, includes the discovery of the fundamental transcription units (TUs). Although the discovery of all single genes of an organism allows the determination of the complete set of intergenic regions (IRs) of a genome, IR prediction alone does not provide any information about TU organization unless speci®c knowledge about the IRs (length and binding motifs) is used, and this is the aim of this paper. As stated by Gelfand et al. (1) An adequate understanding of cell functioning is impossible without a knowledge of the transcription regulatory circuits that exist in all prokaryotes... The ®rst step in this direction is the identi®cation of transcription regulatory sites (operators), which also helps in deciphering the operon organization of genes in poorly characterized genomes'. Despite the vital importance of TU annotation, it has mainly been con®ned to Escherichia coli (2±5), Bacillus subtilis (6) and partially for some other organisms (7) .
There are three main approaches for TU prediction: distance-based models (8) , signal discovery models (2) and order conservation among organisms (7) . It is also possible to combine several of these approaches (4±6) or use microarray expression data (4) to predict and/or re®ne the TU map of an organism. Distance-based methods (3) rely on the different intergenic distances between consecutive genes depending on whether they belong to the same TU or not. In general, very short distances cannot accommodate all the signals and spacers required by a promoter structure, whereas longer intergenic DNA sequences are more likely to include a promoter structure.
Signal discovery methods (2) are based on the discovery of a promoter and/or terminator structure in the intergenic regions using a model. Such models range from simple consensus sequences to RNA structure models. Theoretically, such methods may identify the precise location of the promoter and/or terminator structures. However, lack of accurate predictors (models) for promoters other than for s A make these methods rather inaccurate and, thus, regulation of several important specialized programs (e.g. sporulation) may be dif®cult to elucidate. The same can be said of the discovery of terminator sequences whereby we are only aware of the existence of predictors for intrinsic termination (9,10) but not for rho-dependent termination.
Order conservation methods (7) are based on the discovery of gene clusters where gene order and orientation are conserved in two or more genomes. The main strength of such methods is that they do not rely on any kind of promoter and/or terminator prediction but only on the presence of homologous proteins between organisms, which makes it a good tool for discovering horizontal transfer events. The quality of the TU map obtained directly relates to the number of genomes used and the evolutionary distance between them. The main drawback with this approach is that implementations are computationally very demanding and can leave unannotated zones if no matches are found.
As stated above, the available literature on the prediction of the complete TU map of an organism other than E.coli is very limited. Furthermore, predictions of TU maps using more than one s factor have not been reported in the literature. The objective of this paper is to present a complete TU map for Clostridium acetobutylicum ATCC 824. Clostridium acetobutylicum is a Gram-positive, spore-forming, obligate anaerobe with a high A±T base content (72%) that is able to ferment a wide variety of carbohydrates to acids and solvents. Its genome has been sequenced and computer annotated (11), and its physiology extensively studied. DNA array-based transcriptional analysis of this organism has been recently developed and is providing a large-scale understanding of important cellular programs (12±15), such as chemotaxis, motility, sporulation and stress response, for the ®rst time among all clostridia. None of the other closely or distantly related clostridia is understood genetically (let alone genomically) any better than C.acetobutylicum, and thus one has to rely on B.subtilis as a prototypical organism for such studies. However, B.subtilis is not a strict anaerobe and is only distantly related to C.acetobutylicum. For example, although their sporulation/differentiation programs appear to be similar, many physiological and genetic differences exist (11,16). Thus, this organism has the potential to become the model organism for the analysis of not only other solventogenic clostridia, but also for clostridial pathogens such as C.botulinum and C.perfringens. In order to construct a TU map of C.acetobutylicum, we combined a distance-based method with several predictors of promoter and rhoindependent termination sequences. The full TU map and additional data are available at NAR Online and at our website www.papoutsakisresearch.northwestern.edu as plain text gbk ®les that can be read using the last development version of Artemis (17) (http://www.sanger.ac.uk/Software/Artemis/).
METHODS, SEQUENCES AND ALGORITHMS

Computational resources
All scripts and programs were run on a dual booting (Windows XP/Linux Red Hat 9.0) Toshiba Satellite 2435-S255 laptop with a Pentium 4 CPU running at 2.40 GHz with 512 Mbytes of RAM.
Software
Matlab (version 5.3) scripts were created to extract the upstream IRs between pairs of genes and ®nd motifs given a consensus sequence.
The RNAMotif program (18) was downloaded from http:// www.scripps.edu/case. The RNAFold program is part of the Vienna RNA package version 1.4 (19) . This package was downloaded from http://www.tbi.univie.ac.at/RNA/.
Sequences
The complete genome, coding sequences and annotation ®les for C.acetobutylicum ATCC 824 (11) were downloaded from the Genome Therapeutics Corporation website (http:// www.genomecorp.com/programs/sequence_data_-clost.shtml). The complete genome, coding sequences and annotation ®les for E.coli K12 (20) 
Data preparation
The location of the IR between pairs of consecutive C.acetobutylicum ATCC 824 genes was recorded and tabulated. Figure 1 shows how the IRs are de®ned for all possible combinations of coding strands between consecutive genes. Using a Matlab program, only IRs with a length greater than zero were extracted from the sequenced C.acetobutylicum genome.
Hidden Markov model (HMM) for s A , s E and s F /s G Three HMMs were used to locate the position of the s A , s E and s F /s G promoters in the C.acetobutylicum genome. All three HMMs were generated using the DOS/Cygwin port of HMMER (23) E.coli. Although all the promoters chosen were of the s F type, there exists some experimental evidence (28) that some s F promoters can also be recognized by s G , and vice versa. In what follows, we will refer to this HMM as the s F /s G HMM so as to address both possibilities.
The s A HMM was created through an iterative process, where the properly aligned promoter regions of the i-th iteration were used as the HMM training set for the (i + 1)-st iteration. The determination of whether a promoter region was properly aligned was made by measuring the distance from the last nucleotide of the ±10 part of the promoter to the transcriptional start site (TSS) for the highest scoring alignment of each sequence. If this distance was between 3 and 10 nt, the sequence was considered to be properly aligned. A total of 608 promoter regions was used, but 17 of them were discarded because the TSS location has not been experimentally determined, yielding only 591 (608 ± 17) useful promoter regions. The information available for some of the TSSs indicates that they cover more than one nucleotide. For instance, the TSS for the ®rst promoter of the E.coli gene pyrG spans seven consecutive nucleotides. In such cases, only the position of the ®rst nucleotide was used in subsequent calculations. When the 591 useful promoter regions were aligned using the s A HMM, only 375 of them were properly aligned (63.5% of the 591 useful promoter regions). The distribution of the distances to the TSS for the whole set of 591 useful promoter regions is shown in Figure 2 . With each alignment, the HMM returns a negative log-likelihood score (29) , which represents how different the alignment of that sequence is from the alignment of a random sequence. This random sequence is generated from a previously speci®ed null model. In our case, and given that we combine sequences from two microorganisms and that the resulting HMMs will be applied to another organism, we used a null model that assigns a 25% probability of the occurrence at each position to each one of the four nucleotides. Positive scores indicate that the identi®ed promoter is clearly different from the null model, whereas negative scores imply the opposite.
A total of 59 genes with experimentally veri®ed s E promoters regions from B.subtilis (26) were used to generate the s E HMM. Ten of these genes have two s E promoter regions, thus increasing the number of promoter regions used to generate the s E HMM to 69. We will refer to these 69 sequences as the s E HMM training set. Given the small number of sequences comprising the s E HMM training set, the IRs for all 59 B.subtilis genes in the training set were aligned using the s E HMM, in order to assess the degree to which the s E HMM captures the s E concept. For 49 of these 59 genes (83.1%), the best alignment matches the experimentally determined s E promoter region, yet only 22 out of the 49 successful alignments resulted in a positive score.
A total of 13 genes with experimentally veri®ed s F /s G promoter regions from B.subtilis (25) and 12 from E.coli (27) were used to generate the s F /s G HMM. We will refer to these 25 sequences as the s F /s G HMM training set. As before, and given the small number of sequences in the s F /s G HMM training set, the IRs for all 25 genes in the training set were aligned using the s F /s G HMM, in order to assess the degree to which the s F /s G HMM captures the s F /s G promoter. In 21 cases (87.5 %), the best alignment matches the experimentally determined s F /s G promoter region, yet only 14 out of the 25 successful alignments show a positive score.
Finally, we estimated the degree of cross-talk among the designed HMMs by using each HMM's training set as the input for the other two HMMs. In the case of the s A promoters, they were only seven cross-recognitions (three s A promoters were also recognized as s E promoters and four as s F promoters), whereas two promoters in the s E training set were also recognized as s F promoters. There were no crossrecognitions when the s F /s G training set was used as the test input.
Inter-TU and intra-TU distances
The IR length of each sequence in the distance training set was classi®ed as intra-TU (when the IR separates two genes belonging to the same TU), inter-TU (when the IR separates genes in different TUs but both share the same coding strand) or inter-directon (when the IR separates genes coded by different strands) (Fig. 1) . Usually the IR of the ®rst gene of a directon signals the start of a TU, although there are some TUs with genes in more than one directon. In such cases, the directon between both parts of the TU is usually a singleton and it greatly overlaps one or more of the genes of the TU. Such events are uncommon; the ECOCYC database (30) contains only one relevant case, the metT-leuW-glnUW-metUglnVX operon that overlaps with three open reading frames in the opposite direction. Thus, without loss of generality, we can assume that the IR belonging to the ®rst gene of a directon contains at least one functional promoter and that its length is longer than the usual single promoter IR. This atypical length is due to the presence of the promoter of the neighbor directon as shown in Figure 1b , where the IR of the ®rst gene of a directon is shared between two genes. Each gene has its own promoter (understood as the region where all the transcriptional signals are located), but each one is coded in a different strand. As it is not possible to clearly de®ne where the IR of each gene ends and given the possibility that these zones could be overlapping to some extent, inter-directon distances were not used to calculate the inter-TU and intra-TU distance distributions.
We applied the above IR de®nitions to the distance training set, and we found 887 intra-TU distances (577 from E.coli and 310 from B.subtilis) and 502 inter-TU distances (372 from E.coli and 130 from B.subtilis). The number of inter-TU distances is greater than the number of TUs in the distance training set because each TU is¯anked by two inter-TU distances, one separating the ®rst gene of the TU from the previous one and another separating the last gene of the TU from the next one. As stated before, only inter-TU distances separating genes from the same directon were used.
Experimentally known C.acetobutylicum TUs
A list of the experimentally known TUs for C.acetobutylicum was compiled based on Medline referenced literature and it is available at NAR Online and at our website http://www. papoutsakisresearch.northwestern.edu.
Intrinsic termination prediction
Using a procedure similar to the one described previously, the position of the intergenic region downstream of each gene was tabulated, and those with a length greater than zero were extracted using a Matlab program. Potential intrinsic terminator structures were modeled after Lesnik et al. (10) , and the RNAMotif (18) program was used to scan the previously extracted downstream intergenic regions for suitable candidates. The structure and DG°of putative terminators were assessed using RNAfold (19) . DG°for the DNA±RNA hybrid was calculated as in Sugimoto et al. (31) .
RESULTS AND DISCUSSION
Distance-based probability function generation
The 887 intra-TU distances and 502 inter-TU distances from the distance training set were separately ranked by value and combined in several bins. Each bin was created by adding consecutive intra-TU and inter-TU distances until the number of distances of each set is represented at least a certain number of times, which we call the number of occurrences. Then the probability of occurrence of intra-TU distances was calculated and it was assumed that it was representative of the probability of ®nding an intra-TU distance in the whole interval of IR distances spanned by that bin. Assuming that there must be a progressive transition from IR lengths mainly separating genes that belong to the same TU (short distances) to IR lengths that mainly separate genes belonging to different TUs (long distances), the calculated probabilities were ®tted using a standard sigmoidal function (equation 1) in order to smooth the computational results and lower the dependence of the outcome on a particular training set.
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where p(d) represents the probability that two consecutive genes coded by the same strand belong to the same TU, d is the intergenic distance between two consecutive genes and k 1 , k 2 and k 3 are parameters. Previous reports (3) have used point-by-point plots instead of ®tting the results to an analytical expression, thus making the process very sensitive to the particular set of IR distances used. As can be seen from Figure 3 , the IR length required for a 50% probability that two consecutive genes coded by the same strand belong to the same TU is~84 bp. At the same time, the values of k 1 , k 2 and k 3 (Fig. 4) remain fairly constant for a number of occurrences higher than 8±10, thus suggesting that the number of occurrences is not a signi®cant parameter in the ®tting process.
Distance-based TU map creation
Based on Figure 4 , the set of values chosen to estimate the probabilities for a TU start for the full set of C.acetobutylicum ATCC 824 IRs was k 1 = 0.09, k 2 = 0.10, k 3 = ±0.03. The Figure 3 . Distance between two genes that have a 50% probability of belonging to the same TU as a function of the minimum number of occurrences (see text for an explanation). Calculations are based on the training set of 887 intra-TU distances and 502 inter-TU distances from E.coli and B.subtilis as described in the text. distance-based probability function is shown in Figure 5 where the points were generated using a number of occurrences of 10. As stated earlier, it was assumed that TUs cannot have genes in different directons, and also that two consecutive genes coded by the same strand belong to the same TU if the intergenic distance between them yields a value of 0.5 or greater (b50% probability) when used in equation 1. Given the¯exibility exhibited by biological systems, this cut-off of 50% should be used with some latitude. We suggest that any IR length that yields a probability in the 40±60% range be catalogued as inconclusive, unless additional independent data exist to validate its classi®cation.
Accuracy of prediction
The whole set of IR distances from the training set was scored using the distance-based probability function. Using a cut-off of 50%, 88% of the intra-TU distances and 74% of the inter-TU distances from the distance training set were classi®ed properly. Only 8% of the distance training set shows a probability value in the range of 40±60%. Overall and applying the strict 50% criterion, 83.4% of the predictions based on the IR length were correct whereas 9.3% were false positives (the distance-based method returns a probability b50% that two consecutive genes belong to the same TU, but this contradicts the experimental evidence) and 7.3% were false negatives (the distance-based method predicts that the IR length is long enough to accommodate a promoter, but there is no experimental evidence to support it).
The probability of belonging to the same TU was calculated for each one of the 72 genes in the set of experimentally known C.acetobutylicum TUs; 87.5% of their IR lengths were predicted correctly, in close agreement with reported results (3) for E.coli.
Clostridium acetobutylicum TU map based on IR length
When applied to the C.acetobutylicum genome, a total of 2191 TUs were assigned, with 916 of them corresponding to either singletons or the start of a directon. In only 22 cases was a directon start or singleton not properly detected by the distance-based method as the start of a new TU. s A , s E and s F /s G location using HMM
The HMMs described in the Methods were used to discover potential promoters in the C.acetobutylicum IRs, and any hit with a score equal or below zero was discarded. A total of 1537 potential s A , 696 potential s E and 621 potential s F /s G HMM promoters were found.
Intrinsic termination prediction
The free enthalpy distribution of the resulting intrinsic terminators is shown in Figure 6 , which suggests the presence of two distinct overlapping populations, one centered around ±0.6 kcal/mol and another around ±12.9 kcal/mol, showing a point of intersection around ±4.3 kcal/mol. Lesnick et al. (10) used a set of 109 intrinsic terminators with a free enthalpy of ±4.0 kcal/mol or lower as a training set. The striking similarity between this ±4.0 kcal/mol cut-off and the point of intersection of Figure 6 could be due to the use of the same model. However, given the clear difference between the two frequency distributions, it seems more likely that ±4.0 kcal/ mol could be the border between naturally functional intrinsic terminators and random occurrences due to the nucleotide distribution of the genome.
Overall, there are 996 different genes that account for 1095 potential intrinsic terminators with a free enthalpy equal to or lower than ±4.0 kcal/mol. Of these, 904 genes (82.6%) had only one potential intrinsic terminator, 85 genes (7.8%) had two potential intrinsic terminator, and seven genes (0.6%) had three potential intrinsic terminators. Among all of them, there are 66 pairs (12.1%) of potentially bi-directional terminator structures.
Combination of methods
In order to obtain the most accurate possible TU map for C.acetobutylicum ATCC 824, we combined the methods discussed so far as follows. (i) We located all singletons and ®rst genes in each directon in the transcription sense. A TU starts in each of these genes. At this point, the TU map is composed of 916 different TUs. (ii) Using the distance-based method, we located pairs of genes with a probability lower Figure 5 . Probability that two genes belong to the same transcriptional unit given the intergenic distance between them. This graph is based on the training set of 887 intra-TU distances and 502 inter-TU distances from E.coli and B.subtilis as described in the text, with the number of occurrences set to 10. than 50% of belonging to the same TU. A TU starts in each of these genes. After this step, the number of TUs increases to 2191. (iii) Those genes with a distance-based probability between 50 and 60% and either a promoter in their upstream region or an intrinsic terminator in front of their promoter were also chosen as the start of a TU. This third step increases the ®nal number of TUs to 2268 (2140 on the chromosome and 128 in the pSOL1 megaplasmid). Figure 7 shows the distribution of genes per TU in the proposed TU map. Of the predicted TUs, 64.6% contain only one gene, and 91.2% of the TUs are composed of three or fewer genes. At the other extreme, there are 19 TUs containing 10 or more genes. The longest TU predicted contains 28 genes starting at CAC3135 and ending at CAC3108, and among them, 23 encode ribosomal proteins. Another long TU contains 22 genes (from CAC1365 to CAC1386) encoding enzymes for cobalt metabolism. Figure 8a shows a Venn diagram with the contribution of each of the methods to the total number of TUs. There are 308 TUs only supported by the distance-based method (probability that two consecutive genes belong to the same TU of b50%). A total of 152 TUs are supported by the distance-based method and a terminator structure in front of its ®rst gene. Thirty TUs are only supported by the existence of a terminator structure in front of its ®rst gene and a distance-based probability between 50 and 60% that its ®rst gene and the previous one belong to the same TU. Thirty-®ve TUs are only supported by the ®nding of an HMM-based promoter and distance-based probability between 50 and 60% that its ®rst gene and the previous one belong to the same TU. A total of 1097 TUs are supported by the distance-based method and an HMM promoter. Twelve TUs are supported by an HMM promoter, a terminator and distance-based probability between 50 and 60%. There are 634 cases which are supported by the distance-based method (P = 50%), a terminator and an HMM promoter. Figure 8b show the details of the 1778 TUs with a known promoter (35 + 1097 + 12 + 634 = 1778) in the ®nal TU map. A total of 724 genes have a unique s A promoter, 128 a unique s E promoter and 78 a unique s F/G promoter. We have been able to ®nd two or more potential promoters in a total of 848 TUs. It is very likely that some of these TUs have more than one promoter either of the same kind or of a different kind. However, it should be emphasized that the promoters proposed here indicate a high probability of being factual rather than a fact. Experimental data and/or more sophisticated computational methods are needed to con®rm or reject such predictions. A more detailed table covering the results is available as Supplementary Material and at our website http://www.papoutsakisresearch.northwestern.edu.
It should be noted that so far we have been unable to assign a promoter to 490 TUs. A total of 308 of these TUs were assigned in steps (i) and (ii), but the HMMs were unable to recognize any promoter in the presumed promoter region of these genes. The remaining 182 TUs were assigned in step (iii) and belong to genes with a distance-based probability between 50 and 60% with an intrinsic terminator just upstream the ®rst gene in the TU. They could be TUs under the control of s factors other than s A , s E and/or s F/G , or the promoter might have a longer separation between the ±35 and ±10 regions. For instance, promoters with active 0A boxes [the binding sites of the Spo0A protein, the master regulator of differentiation in bacilli, clostridia an other organisms (32)] often exhibit poor conservation and longer distances than their counterparts without 0A boxes (33) . Also there are 12 predicted s A promoters, 14 predicted s E promoters, 13 predicted s F/G promoters and 168 predicted terminators located in the IR of a pair of genes that our distance-based method assigns as belonging to the same TU with >60% probability. These high numbers of potential terminator structures that remain unassigned could be either real structures, random occurrences due to the overlapping of both intrinsic terminator populations, or intrinsic terminators that only appear in the absence or presence of appropriate stimuli.
We predicted the TU structure of the C.acetobutylicum ATCC 824 genome by combining intergenic distance, promoter prediction and rho-independent terminator prediction. It is not possible to conduct a TU by TU explanation of the results mainly due to the lack of experimental data on most of the predicted TUs and also due to the large size of the data set. We chose to discuss just two interesting TU cases. The ®rst one shows the B12 biosynthetic pathway that is almost exclusively encoded on a 22 gene-long TU. The second case demonstrates how a pathogenic clostridium can be used to gain insight into its non-pathogenic counterparts such as C.acetobutylicum.
Genes CAC1365±CAC1386 form a 22 gene-long TU related to cobalt metabolism that contains most of the anaerobic biosynthetic pathway of vitamin B12 coenzyme (cobalamine) including some genes encoding a cobalt transport system. Large operons related to B12 metabolism have been reported in the past (34) , and recently a comparative genomics study among prokaryotes regarding the metabolism and regulation of vitamin B12 has been published (35) . Figure 9 shows the cobalamine biosynthetic pathway [as presented in Rodionov et al. (35) ] with the systematic name for each gene in the TU. We have been able to ®nd two probable promoters upstream of the ®rst gene of the TU, a s A -type and a s F -type promoter. The actual annotation of the C.acetobutylicum genome contains three genes of unknown function, CAC1366, CAC1371 and CAC1386, and a gene CAC1369 (hisC) apparently not related to cobalamin metabolism. It can be shown (35) that CAC1366, CAC1369 and CAC1371 are in fact related to cobalamine metabolism. Our results predict that CAC1386 also belongs to the same TU, although apparently it is not related to the anaerobic biosynthetic pathway of vitamin B12. The current annotation for CAC1386 is a`Zn-dependent hydrolase, glyoxylase family'. Glyoxalases usually have two zinc ions per molecule needed for catalytic activity (36) .
Flagellar and chemotaxis genes in C.acetobutylicum are organized in several long TUs, CAC2225±CAC2215 (CAC2225-cheWDBRACYW-¯iMY, with a potential s F promoter upstream of CAC2225), CAC2214±CAC2204 (¯gm-CAC2213-¯gKL-CAC2210-csrA-CAC2208-CAC2207-¯iSD-CAC2204 with potential s F and s A promoters upstream of gm), CAC2165±CAC2155 (¯gBC-¯iEFGHLJKD-CAC2155, with potential s F , s E and s A promoters upstream of CAC2155) and CAC2154±CAC2139 (¯gE-¯bD-¯iLZPQR-hAF-CAC2145-CAC2144-sigD-CAC2142-CAC2141-¯gG-gG, with a potential s E promoter upstream of CAC2154). Genes identi®ed by their systematic name (CACXXXX) were not assigned to a known¯agellar/chemotaxis protein when the C.acetobutylicum genome was annotated in 2001 (11). However, based on a BLAST (37) search against the C.tetani genome annotated in 2003 (38), we have been able to annotate some of these uncharacterized genes, which show a high degree of homology to¯agellar proteins in C.tetani, as is shown in Table 1 . The organization of the genes included in these four TUs is very similar between the two genomes regarding gene order and even at a TU level (a complete table regarding these four TUs and their arrangement can be found as Supplementary Material). 
